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INTRODUCTION 

C a t a l y t i c  g a s i f i c a t i o n  o f  c o a l  provides  a d i r e c t  rou te  f o r  
producing s y n t h e t i c  n a t u r a l  gas  (SNG). It has  long been known 
t h a t  c e r t a i n  a l k a l i  meta l  s a l t s  can c a t a l y z e  t h e  steam g a s i f i c a -  
t i o n  of carbonaceous ma te r i a l s (1 -2 ) .  As a r e s u l t ,  lower g a s i f i -  
c a t i o n  tempera tures  can be  employed c r e a t i n g  a thermodynamically 
favorable  condi t ion  f o r  methane product ion.  Severa l  i n t e r p r e t a -  
t i o n s  have been proposed t o  expla in  t h e  c a t a l y t i c  mechanism of  
c o a l  g a s i f i c a t i o n  by a l k a l i  metal  s a l t s .  Various redox cyc les  
involving a l k a l i  metal(3-5) ,  a l k a l i  oxide(6-8),  and a l k a l i  metal-  
carbon i n t e r c a l a t e s ( 9 - 1 0 )  as  t h e  r e a c t i o n  i n t e r m e d i a t e s ,  have 
been suggested.  A l t e r n a t i v e l y ,  M i m s  and Pabst have proposed t h a t  
s u r f a c e  complexes  such  a s  -C-0-K, -C-K a re  p o s s i b l e  s i t e s  o f  
c a t a l y t i c  a c t i v i t y  dur ing  coa l  gas i f i ca t ion ( l1 -13) .  Our previous 
in f r a red  s t u d i e s  of p a r t i a l l y  g a s i f i e d  c o a l s  o r i g i n a l l y  t r e a t e d  
w i t h  a l k a l i  s a l t s  showed t h e  p r e s e n c e  o f  a common i n f r a r e d  
spectrum f o r  a l l  s a l t s  except  f o r  t h e  i n a c t i v e  ch lor ides( l4-15) .  

In  t h e  Exxon c a t a l y t i c  coa l  g a s i f i c a t i o n  (CCG) process ,  only 
about  t w o - t h i r d  of t h e  o r i g i n a l  K2CO3(or KOH) c a t a l y s t  can  be  
recovered by water  l each ing  from t h e  ashes due t o  t h e  formation 
of  i n so lub le  a l u m i n o s i l i c a t e s ( l 1 ) .  Procedures t o  a c t i v a t e  t h e  
l e s s  e x p e n s i v e  a l k a l i  s a l t s  have  been  i n v e s t i g a t e d .  Wood e t  
a1.(16) repor ted  t h a t  a t  modest temperatures ,  a steam p r e t r e a t -  
m e n t  o f  KC1-impregnated carbon may a c t i v a t e  t h i s  o therwise  inac- 
t i v e  bu t  inexpensive s a l t .  Lang and Pabs t ( l7 )  showed t h a t  high 
g a s i f i c a t i o n  r a t e s  can  b e  a t t a i n e d  by employing  m i x t u r e s  o f  
s t rong  ac id  s a l t s  of potassium and, any weak ac id  s a l t s  o r  cer -  
t a i n  s t rong  ac id  s a l t s  o f  sodium a s  t h e  c a t a l y s t .  Chauhan e t  
a1 . (18 )  found t h a t  c o a l  t r e a t e d  w i t h  CaO u s i n g  NaOH a t  an e l e -  
vated temperature  i s  much more r e a c t i v e  than t h a t  impregnated 
with aqueous CaO s l u r r y .  Lang and Neavel( l9)  a l s o  concluded t h a t  
c a l c i u m  m u s t  b e  a t o m i c a l l y  d i s p e r s e d  th roughou t  t h e  c o a l  t o  
ob ta in  good a c t i v i t y .  

T h i s  pape r  d e s c r i b e s  k i n e t i c  and i n f r a r e d  s t u d i e s  o f  t h e  
s team g a s i f i c a t i o n  o f  c o a l  c a t a l y z e d  by a l k a l i  m e t a l  s a l t s .  
These s t u d i e s  have subsequent ly  l ed  u s  t o  t h e  formulat ion of a 
procedure by which a l k a l i  meta l  ch lo r ides  a r e  used a s  t h e  source 
of a l k a l i  meta ls  f o r  c a t a l y t i c  coa l  g a s i f i c a t i o n .  

* To whom correspondence should be addressed.  
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EXPERIMENTAL 

Kinet ic  experiments  w e r e  performed i n  a q u a r t z  flow r e a c t o r  
equipped with a Cahn RG 2000 e l ec t roba lance  which can continuous- 
l y  monitor t h e  weight l o s s  of  t h e  sample a s  it r e a c t s  w i th  f lo-  
wing Steam. During the course  of t h e  g a s i f i c a t i o n ,  e f f l u e n t  gas  
w a s  Pe r iod ica l ly  analyzed by a gas  chromatograph. The i n f r a r e d  
s p e c t r a  were r e c o r d e d  on a D i g i l a b  FTS-15C f o u r i e r  t r a n s f o r m  
i n f r a r e d  spectrometer  (FTIR) using coa l  samples pressed wi th  KBr 
a t  a r a t i o  of 1:400. A spectrum was obta ined  by co-adding f i f t y  
scans a t  a r e s o l u t i o n  of  4 cm-' wavenumber us ing  a pure K B r  d i s c  
a s  t h e  reference.  In  a l l  experiments,  reagent  grade chemicals  
and h i g h  p u r i t y  g a s e s  were  used a s  r e c e i v e d .  F u r t h e r  d e t a i l s  
about t h e  experimental  apparatus ,  ope ra t ing  procedures ,  and sam- 
p l e  prepara t ion  have been descr ibed  e l sewhere ( l4 ) .  

RESULTS AND DISCUSSION 

Figure 1 summarizes t h e  g a s i f i c a t i o n  r a t e s  a t  20% conversion 
and 750OC v e r s u s  m e t a l / c a r b o n  r a t i o .  The d a t a  were  o b t a i n e d  
using an I l l i n o i s  #6 coa l  t r e a t e d  wi th  var ious  sodium s a l t s  and 
d i f f e r e n t  c a t a l y s t  loadings.  A l l  sodium s a l t s  s tud ied ,  except 
NaC1, e x h i b i t  good c a t a l y t i c  a c t i v i t y  f o r  steam g a s i f i c a t i o n  o f  
c o a l .  The g a s i f i c a t i o n  r a t e  f o l l o w s  a l i n e a r  r e l a t i o n  w i t h  
sodium/carbon r a t i o  u n t i l  a s a t u r a t i o n  p o i n t  a t  about Na/C=0.12 
i s  reached. This t r end  i s  s i m i l a r  t o  t h e  observa t ion  repor ted  by 
M i m s  and Pabs t ( l1 )  f o r  K2CO3 wi th  var ious  carbon subs t r a t e s .  The 
dependence of t h e  g a s i f i c a t i o n  r a t e  on t h e  c a t a l y s t  contac t ing  
method, namely i n c i p i e n t  wetness,  aqueous impregnat ion,  and mec- 
h a n i c a l  mixing i s  n o t  s i g n i f i c a n t .  F i g u r e  1 shows t h a t  t h e  
g a s i f i c a t i o n  r a t e  v a r i e s  a t  most  10% among t h r e e  c o n t a c t i n g  
methods. Furthermore, based on t h e  same metal /carbon r a t i o  pota- 
s s i u m  s a l t s  a r e  more e f f e c t i v e  than sodium s a l t s .  However, un- 
t r e a t e d  NaCl and KC1 a r e  i n a c t i v e  a s  c a t a l y s t s  f o r  steam g a s i f i -  
c a t i o n  of  coal .  

The in f r a red  spectrum of Na2CO impreg a t ed  coa l  i s  shown i n  
Figure 2A. The absorp t ion  band a t  cm-' has  been assigned t o  
t h e  chelated conjugated carbonyl s t r u c t u r e  and carboxyla tes  con- 
t a ined  i n  coa l (20)  whereas t h e  1450 and 880 cm-' bands a r e  due t o  
sodium carbonate(21) .  Upon d e v o l a t i l i z a t i o n ,  t h e  1610 cm-l band 
disappeared while  t h e  carbonate  bands w e r e  s t i l l  p re sen t  bu t  l e s s  
i n t ense  a s  shown i n  Figure 2B. Since about 44% of t h e  Na i n i t i a -  
l l y  loaded was l o s t  a f t e r  d e v o l a t i l i z a t i o n  along wi th  34% r e l e a s e  
of v o l a t i l e  ma t t e r ,  t h e  Na/C r a t i o  of t h e  d e v o l a t i l i z e d  sample 
should have remained t h e  same a s  t h a t  o f  t h e  impregnated sample. 
Thus, t h e  decrease i n  i n f r a r e d  absorbance of  t h e  carbonate  bands 
i n  t h e  devo la t l i zed  sample i n d i c a t e s  t h a t  t h e  missing f r a c t i o n  
had reacted wi th  t h e  carbon subs t r a t e .  Moreover, upon p a r t i a l  
g a s i f i c a t i o n  t o  25% conversion, t h e  i n t e n s i t y  of  t h e  carbonate  
bands decreased even f u r t h e r  a s  shown i n  Figure 2C, even though 
t h e  Na/C r a t i o  increased  due t o  t h e  carbon consumption. Further-  
more,  t h e  i n f r a r e d  spec t rum of  an  a l m o s t  c o m p l e t e l y  g a s i f i e d  
sample(94% conversion, Figure 2D)  shows an inc rease  of  i n t e n s i t y  
of  t h e  carbonate  bands a s  we l l  a s  t h e  appearance of  add i t iona l  
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Figure 1 
on t h e  g a s i f i c a t i o n  r a t e .  0, NaOH; A ,  Na CO 
( i n c i p i e n t  wetness); +, NaHC03 (aqueous i(; lpr&nation); rn , NaHC03 
(mechanical m ix ing ) ;  0 , K2C03; 0 , w i t h o u t  c a t a l y s t .  

E f f e c t s  o f  l oad ing ,  anion, and con tac t i ng  method o f  c a t a l y s t  
'I, NaN03;o, NaHC03 

WAVE NUMBERS, CM-' 
Figure 2 F T I R  spec t ra  o f  Na C03 coal  samples. A ,  impregnated; 
6,  d e v o l a t i l  i zed ;  C, p a r t i a l ? y  g a s i f i e d  (25% convers ion) ;  D ,  gas i f i ed  
(94% convers ion) .  
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bands i n  t h e  1200-800 cm-l reg ion  which corresponds t o  minera l  
mat ters .  Atomic absorp t ion  measurements of t h e  sodium contained 
i n  t h i s  sample gave a s i m i l a r  percentage  of  Na lo s ses (43%)  a s  i n  
t h e  d e v o l a t i l i z e d  sample demonstrat ing t h a t  t h e  i n t e r a c t i o n  o f  
sodium wi th  t h e  carbon s u b s t r a t e  occurs  a t  t h e  i n i t i a l  s t a g e s  o f  
g a s i f i c a t i o n  b u t  it d i s a p p e a r s  a t  t h e  end w i t h  t h e  r e l e a s e  o f  
sodium due t o  t h e  d e p l e t i o n  of carbon. I t  i s  a l s o  i n t e r e s t i n g  t o  

, n o t e  t h a t  a l l  d e v o l a t i l i z e d  and p a r t i a l l y  g a s i f i e d  s a m p l e s  
t r e a t e d  wi th  c a t a l y t i c a l l y  a c t i v e  sodium s a l t s  e x h i b i t  a common 
in f r a red  spectrum r e g a r d l e s s  of  t h e  anion o f  t h e  parent  s a l t ( l 5 ) .  

I n  addi t ion ,  t h e  i n t e r a c t i o n  of  sodium and carbon s u b s t r a t e  
, h a s  a l s o  been documented by o u r  and o t h e r ' s  t h e r m o g r a v i m e t r i c  

resu l t s (4 ,11 ,15) .  W e  found t h a t  t h e  weight l o s s  of  NazCO3-char 
i n  helium s t a r t s  a t  t empera ture  much lower than  t h e  mel t ing  p o i n t  
Of  Na2C03(8510C), w i t h  CO and C 0 2  being t h e  gas  products .  I n  t h e  
case  of char  impregnated wi th  NaC1, t h e  tempera ture  a t  which t h e  
weight l o s s  begins  i s  s i m i l a r  t o  t h a t  of  N a C 1 ,  wi thout  any de tec-  
t a b l e  gas  product.  The i n f r a r e d  and thermogravimetr ic  r e s u l t s  
c l e a r l y  demonstrate t h e  importance o f  t h e  d i r e c t  i n t e r a c t i o n  of  
coa l  wi th  t h e  a l k a l i  meta l  i n  c a t a l y t i c  a c t i v i t y .  Thus, t h e  l ack  
of  c a t a l y t i c  a c t i v i t y  o f  a l k a l i  metal  ch lo r ides  r e s u l t s  from t h e  

t h e  i n t e r a c t i o n  of  t h e  carbon s u b s t r a t e  w i th  t h e  a l k a l i  metal .  
Further  proof of  t h i s  po in t  i s  i l l u s t r a t e d  i n  Figure 3 i n  which 
H C 1  was added t o  t h r e e  Na2C03-treated chars .  I t  can be seen t h a t  
a s  t h e  amount o f  c h l o r i n e  i n c r e a s e s ,  t h e  c a t a l y t i c  a c t i v i t y  
decreases  accordingly.  Moreover, i n f r a r e d  s p e c t r a  of  t h e  HC1- 
t r e a t e d  samples show a corresponding decrease  i n  t h e  i n t e n s i t y  of 
t h e  carbonate  absorbance ind ica t ing  t h a t  the r e a c t i o n  of sodium 
t o  form ch lo r ide  which is  i n f r a r e d  inac t ive ,  was favored over t h e  
i n t e r a c t i o n  o f  sodium wi th  t h e  carbon s u b s t r a t e .  

A c o r o l l a r y  of t h e  above r e s u l t s  i s  t h a t  Na has  t o  be f reed  
from t h e  ch lo r ine  ion i n  o rde r  t o  use NaCl as t h e  source o f  Na t o  
ca t a lyze  coa l  g a s i f i c a t i o n .  On t h i s  b a s i s ,  w e  have developed a 
process  which u l t i l i z e s  a l k a l i  ch lo r ides  a s  t h e  source of  a l k a l i  
metals  f o r  c a t a l y t i c  coa l  g a s i f i c a t i o n .  The process  c o n s i s t s  of  
s lu r ry ing  t h e  coa l  w i th  an aqueous s o l u t i o n  of  t h e  ch lo r ides  and 
a s u i t a b l e  s o l v e n t ,  and s u b s e q u e n t  s a t u r a t i o n  w i t h  C 0 2 .  The 
s o l i d  i s  s e p a r a t e d ,  washed,  and d r i e d  and i s  t h e n  r eady  f o r  
g a s i f i c a t i o n .  A l l  ope ra t ions  except  dry ing  are c a r r i e d  o u t  a t  
room temperature.  The c h l o r i n e  ions  could be removed i n  t h e  form 
o f  CaC12 and t h e  s o l v e n t  c a n  b e  r e g e n e r a t e d  and r eused .  The 
advantage o f  t h i s  procedure i s  t h a t  t h e  consumption of C 0 2  re-  
q u i r e d  can  be  s u p p l i e d  by t h e  g a s i f i c a t i o n  i t s e l f  and a l k a l i  
ch lo r ides  a r e  l e s s  expensive than o t h e r  a l k a l i  s a l t s .  

Figure 4 shows t h e  g a s i f i c a t i o n  r a t e s  ( a t  20% conversion and 
750 OC) of c o a l s  t r e a t e d  wi th  d i f f e r e n t  amounts o f  NaCl and K C 1  
according t o  t h e  above mentioned procedure,  versus  metal /carbon 
r a t i o .  The sodium and potassium loadings were determined by an 
atomic absorp t ion  spectrophotometer(Perkin-Elmer, Model 305). A s  
expected t h e  KC1-treated c o a l s  show h ighe r  a c t i v i t y  than  NaC1- 
t r e a t e d  coa ls .  Also included i n  Figure 4 a r e  p o i n t s  obtained wi th  
Na2cOg-impregnated and K2C03-impregnated c o a l s  showing t h a t  t h e  
a c t i v i t i e s  of these  samples a r e  equ iva len t  t o  those  obtained wi th  
ch lo r ide - t r ea t ed  samples. 

I 

1 high s t a b i l i t y  of t h e  a l k a l i  meta l -ch lor ine  bond which prevents  

' 
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Figure 3 Effect of chlor ine addition t o  Na2C03 coal samples. 

METALICARBON MOLAR RATIO 

Figure 4 Gasification r a t e s  of KC1 t reated coals ( A ) ,  NaCl 
treated Coals (0) , K2C03 impregnated coal ( A  ), Na2C03 impregnated 
coal ( 0  ) .  
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CONCLUSION 

Laboratory r e s u l t s  demonstrate  t h a t  a l k a l i  m e t a l  c h l o r i d e s  
can provide the  source  of a l k a l i  m e t a l s  r e q u i r e d  f o r  c a t a l y t i c  
steam g a s i f i c a t i o n  of coals v i a  a process  involv ing  c o n t a c t  of 
coal wi th  an aqueous s o l u t i o n  of a l k a l i  c h l o r i d e ,  a s u i t a b l e  a s  
w e l l  a s  regenerable  so lven t ,  and C02.  The c a t a l y t i c  a c t i v i t i e s  of 
the samples prepared  by t h i s  procedure are e q u i v a l e n t  to  those  
impregnated w i t h  other a l k a l i  salts .  

I 

' 
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